Fire fighters are exposed to highly variable thermal environments including elevated temperatures, convective heat flux, and radiant heat flux, which can put a significant burden on personal protective equipment. Thermally degraded and melted self-contained breathing apparatus (SCBA) facepieces have been identified as a contributing factor in certain fire fighter fatalities and injuries in the United States. At the current time, standard performance tests for SCBA facepieces are conducted at less severe thermal conditions than other components of a fire fighter's ensemble and equipment.
INTRODUCTION
Respiratory protection, in the form of a self-contained breathing apparatus (SCBA), is a critical component of a fire fighter's personal protective equipment because it protects the wearer from inhaling the life threatening atmosphere often present in and around the fire environment [1] . The SCBA lens forms a critical barrier that is designed to withstand physical and thermal impacts while maintaining integrity and visual acuity. Damage to the integrity of the lens can result in fire fighters being exposed to an environment that is immediately dangerous to life and health (IDLH), leaving the user susceptible to toxic materials and combustion products, asphyxiation, and thermal burns to the respiratory tract. Polycarbonate (PC) has been used for fire fighting SCBA lens applications due to its optical clarity, impact resistance, and thermal resistance. The SCBA lens typically has an abrasion-resistant coating to minimize scratching. The glass transition temperature of polycarbonate as reported in the literature is between 145 °C (293 °F) and 150 °C (302 °F) [2] . Melting temperatures can vary widely depending on the type of polycarbonate, between 215 °C (419 °F) and 338 °C (640 °F) [2, 3] .
Structural fire fighting thermal environments are highly variable, and depend on many factors including fuel type and load (furniture, carpeting, etc.), interior finish, ventilation conditions, structure layout and construction, and the fire fighting tactics employed. Studies on fire fighter protective clothing [4] [5] [6] [7] have described pre-flashover fire fighting environments with temperatures up to 300 °C (572 °F) and maximum heat fluxes as high as 20 kW/m [4, 5, 8, 9] . Conditions of flashover and post-flashover, however, can reach 1000 °C (1832 °F) and 170 kW/m 2 [10, 11] . If SCBAs are to provide breathing protection during fire ground operations, they must provide positive pressure for an adequate period of time during pre-flashover conditions, and additional protection to allow for escape during rapidly changing transitions in the fire environment.
Currently, the US certification thermal performance requirements for fire fighter protective clothing and equipment are not consistent, with thermal performance requirements for SCBA being less than other equipment. Fire fighter structural fire fighting ensembles, for example, are tested using ISO [13] . This test exposes fire fighting garments to a combined convective and radiant heat flux of 84 kW/m 2 . Other pieces of firefighter equipment, such as Personal Alert Safety Systems (PASS) and Thermal Imaging Cameras (TIC) are subjected to a Heat Resistance Test [14, 15] in a convective circulating oven at 260 °C (500 °F) for 5 min, and a Heat and Flame Test [14, 15] [16] . In this test, the SCBA is mounted on a test headform attached to a breathing simulator operating at 40 L/min and placed in a convection oven at 95 °C (203 °F) for 15 min. No more than 20 s later, the breathing rate is increased to 103 L/min, and the SCBA is exposed to direct flame contact (at 815 °C [1500 °F] to 1150 °C [2100 °F]) for 10 s. Following the heat exposures, the headform is dropped from a height of 15.2 cm (6.0 in). The SCBA is tested for airflow performance and for visual acuity. Although the Heat and Flame Test involves elevated temperatures, the lack of a holistic thermal performance methodology in the standards development process results in thermal test conditions that are not as severe as those applied to the other fire fighting equipment. The Heat and Flame Test does not capture the conditions of temperature and heat flux that a fire fighter may experience during fire ground operations within a structure.
The need for improved SCBA and facepiece designs to withstand a variety of extreme conditions, including high heat loads, was documented in a U.S. Fire Administration special report in 2001 [17] . In the decade since, several reports on fire fighter fatalities have indicated that inadequate thermal performance of SCBA lenses was a contributing cause to one or more fire fighter fatalities [18] [19] [20] [21] [22] [23] [24] . In these incidents, the SCBA facepieces displayed extensive damage to the point that the SCBA could no longer provide protection from the hazardous environment. It was assumed that the facepieces failed before the fatalities occurred because the victims were found wearing the facepieces and thermal burns were found on their tracheae. In addition to these fatalities, there have been numerous anecdotal accounts of crazing, bubbling, and softening of lenses, some of which have been reported as near misses [25] [26] [27] [28] . The fire environment in these specific incidents is not known, therefore, the specific types of thermal exposures or environmental conditions causing the failures have not been identified. In addition, there is a significant lack of information regarding the high temperature and high heat flux performance of SCBA. The need for further research in this area was listed in the Emergency First Responders Respirator Thermal Characteristics Workshop Proceedings [29] in order to develop more representative and realistic SCBA testing. The NFPA has also recently issued an Alert Notice [30] warning the fire service that fire fighting environments may cause thermal degradation of melting of facepiece lenses, resulting in the loss of respiratory system protection. A copy of the Alert Notice is included in Appendix A.
Previous investigators have studied thermal exposures of related fire fighting equipment and reported in the literature. Results from these studies give only a limited understanding of how current SCBA equipment performs. Quintiere [31] , for example, examined radiative and convective heating of a polycarbonate face shield, which is typically fastened to a fire fighter's helmet. Held and Harder [32] investigated the thermal performance of SCBA models available in 1980, which were exposed to a variety of temperature extremes in an oven up to 250 °C (482 °F), a propane flame at 1050 °C (1922 °F) for 10 s, and a natural gas flame at 1000 °C (1832 °F) to 1500 °C (2732 °F) for 2 s and 4 s. The resulting failures of many different components of the SCBA during the Held and Harder experiments led to the adoption of the Heat and Flame Test in the NFPA 1981 document, which included a burner array exposure for 15 s [16] . This standard test improved the design of the SCBA at that time and eliminated certain materials with a propensity for ignition or melting.
Recently, Mensch et al. [33] exposed current SCBA facepieces to fires in furnished townhouses to replicate thermal degradation from realistic fire environments and quantify the exposure conditions in terms of heat flux and temperature. Thermal degradation of SCBA facepiece lenses in the form of bubbling, loss of visual acuity, and severe deformation was observed for three facepieces, which were exposed to peak heat fluxes above 20 kW/m 2 , but not necessarily high ambient air temperatures. In these cases, facepiece lens temperatures exceeded 200 °C (392 °F), approaching the melting temperature of polycarbonate. The effect of a constant airflow of 40 L/min through the facepiece was found to have a slight cooling effect, increasing the temperature difference between the interior and exterior surfaces of the facepiece by approximately 10 °C (20 °F). Due to fire development driven variations, the exposure heat fluxes and temperatures varied substantially during the course of the experiments. Due to the harsh smoky environment within the townhouse, lenses could only be inspected after the exposure, and real time SCBA data collection was limited to lens temperature. Although the study was a valuable demonstration of the conditions capable of causing thermal degradation, more experiments were needed to better determine the thermal limits of SCBA facepieces.
The experiments in this report were performed to characterize the thermal performance of the SCBA facepiece lens as a function of radiant heat flux exposure in a controlled laboratory environment. A natural gas fired radiant panel provided constant and repeatable levels of incident heat flux on the facepiece lens. The facepiece performance was assessed through measurements of lens surface temperature, pressure within the facepiece, headform surface temperature, breathing air temperature, heat flux inside the facepiece, and inspection of video recordings.
The experimental data was analyzed to obtain the intensity and duration of exposure associated with cracking/crazing, bubbling, and deformation which compromise facepiece lens integrity. Examples of visibly discernible degrees of thermal degradation are shown in Figure 1 . Holes and gaps created by thermal exposure present a threat to the wearer's respiratory protection through a possible drop in facepiece pressure and reduced air cylinder service time. Respiratory protection is compromised if the SCBA cannot maintain a higher facepiece pressure (inside the mask) than the ambient pressure (positive pressure) in the presence of a hole [34] or other deformation. If positive pressure is maintained after hole formation or other deformation induced leakage, the outward leakage causes an additional loss of cylinder air at a rate depending on factors such as facepiece pressure differential and leakage area. 
UNCERTAINTY
There are different components of uncertainty in the heat flux, temperature, flow rate, pressure, and time values provided in this report. Uncertainties are grouped into two categories according to the method used to estimate them. Type A uncertainties are those which are evaluated by statistical methods, and Type B are those which are evaluated by other means [35] . Type B analysis of systematic uncertainties involves estimating the upper (+ a) and lower (− a) limits for the quantity in question such that the probability that the value would be in the interval (± a) is approximately 95 %. For some of these components, uncertainties are derived from instrument specifications. Unless otherwise noted, uncertainty is reported in this study as expanded uncertainty, with a coverage factor of two, representing a confidence level of approximately 95 %.
EXPERIMENTAL SETUP
Six models of SCBA facepieces, from five different manufacturers, were exposed to constant and repeatable levels of heat flux from a natural gas fired radiant panel apparatus as shown in Figure 2 and detailed in Appendix B. The facepiece models are identified by a letter from A through F. Little difference in performance was expected between different facepieces, because all models have a 2 mm to 3 mm thick polycarbonate lens with relatively similar geometry.
The radiant panel apparatus consists of a vertically oriented refractory panel, heated by a premixed natural gas flame sheet on the surface of the panel. The panel has an approximate width of 31 cm (12 in) and an approximate height of 46 cm (18 in [36] . The air flow rate to the panel was approximately 434 L/min (920 SCFH), and the natural gas flow rate was approximately 30 L/min (63 SCFH). The hot combustion gases from the flame were pulled upward into a canopy hood above the apparatus with an exhaust flow rate of approximately 42 m
The facepieces were donned on a black polyurethane headform (Biosystems PosiChek3 * ) for SCBA air flow performance testing. The headform was attached to an aluminum base which was moved toward or away from the radiant panel along a horizontal track, as shown in Figure 2 and Appendix B. The aluminum base was locked over a range of angles for the purpose of making the vertical centerline of the facepiece lens parallel with the radiant panel. The headform, facepiece straps, seals, and regulator were covered by an aramid structural fire fighting protective hood for protection from radiant heat. For some SCBA geometries, the regulator and air supply hose were wrapped with aluminum foil for protection from repeated exposures. A three-layer aluminum shield with air gaps blocked heat from the radiant panel to the headform during panel warm-up, calibration, and set-up. The aluminum shield, as shown in Appendix B, was painted flat black on the side facing the radiant panel in order to absorb the incident radiant flux, rather than reflect it back to the panel, which affects the thermal equilibrium of the panel. The SCBA facepiece lens exposure began when the radiant shield was removed.
The heat flux incident on the facepiece was measured by a 2.54 cm ( , and the manufacturer reports a ± 3 % calibration expanded uncertainty for these devices [37] . Results from an international study on total heat flux gauge calibration and response demonstrated that the expanded uncertainty of a Schmidt-Boelter gauge is typically ± 8 % [38] . Providing a heat flux exposure to the facepiece that matched the heat flux measured by the transducer required careful placement and alignment of the heat flux gauge and the facepiece. A level and square were used to minimize errors, but each of the two alignments added an expanded uncertainty of approximately ± 1 %. In some cases, the facepiece geometry complicated the alignment, contributing an additional expanded uncertainty of about ± 1 %. Unsteadiness in the heat flux provided by the panel contributed an expanded uncertainty of approximately ± 2 %. The expanded uncertainty was calculated to be approximately ± 8 % for the incident heat flux on the center of the facepiece lens. It is essential for the radiant panel to reach steady state prior to performing experiments or tests. For the apparatus used in this study, this process may take 45 min of continuous panel operation. In addition, due to the tendency of the flux from the radiant panels to drift, the radiant flux at the test position should be measured prior to, and after each experiment or test performed. If the radiant flux has drifted out of specification, the result should be noted, and experiment or test should be repeated.
Prior to an experiment, the heat flux gauge was moved along the horizontal track to locate the position (distance from the panel) with the desired level of heat flux. When the desired heat flux level was located, the position of the front of the gauge along the horizontal track was recorded, and the heat flux gauge was removed. A radiant heat flux of 15 kW/m , because below that exposure * Certain commercial entities, equipment, or materials may be identified in this document in order to describe an experimental procedure or concept adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities, materials, or equipment are necessarily the best available for the purpose.
value, no thermal degradation was observed for test durations greater than 30 min. The maximum heat flux value chosen, 15 kW/m 2 , resulted in observable degradation in less than one minute, but was far enough away from the radiant panel to be outside the panel induced convective flow.
Thermocouples were placed at six locations on and around the facepiece to measure air and surface temperatures. The standard uncertainty in the measured temperature of the thermocouple was ± 2.2 °C (4.0 °F) below 293 °C (560. °F), and ± 0.75 % at higher temperatures as determined by the manufacturer [39] . Small diameter thermocouples (approximately 0.5 mm diameter, made with 0.255 mm diameter wire, AWG 30, type K) were used to limit the impact of radiation and conduction on the temperatures reported by the thermocouples. The estimated total expanded uncertainty for facepiece temperature in these experiments was ± 15 %, due primarily to uncertainty in radiative heat transfer to the thermocouples. The locations of the thermocouples are described in Table 1 . Mouth air In the air space in the mouth of the headform
The thermocouples were secured to the lens and the headform with high temperature fiberglass tape placed over the wire. The thermocouple wire was formed and shaped in order for the bead to touch the appropriate surface or air space. A mark was made along the vertical centerline of the lens, 4.5 cm (1.8 in) ± 0.2 cm (0.08 in) below the top edge of the exposed portion of the lens. This location was used for lens surface thermocouple placement for all facepieces. The air thermocouples were located 1.0 cm (0.4 in) ± 0.5 cm (0.2 in) away from the lens surface. The thermocouples installed near the facepiece lens are shown in Figure 1 and Figure 3 . The location of the thermocouple installed on the headform surface is shown in Figure 4 . During some of the experiments, the surface thermocouple(s) moved off of the facepiece lens surface due to lens deformation and/or heat-induced failure of the adhesive component of the tape. In some cases, an FLIR/Inframetrics ThermaCAM PM350 infrared camera was used to obtain the surface temperature of the outside of the lens. The temperature range for the infrared camera was 100 °C (212 °F) to 290 °C (554 °F). The lens emissivity was set to 1.0, which provided approximately the same lens temperature as the thermocouple when measured at the same time, as discussed in Section 4 of this report. The interrogation area for the infrared measurement was located outside the region of radiant panel reflections from the facepiece lens. Expanded uncertainty in the infrared imaging temperature measurement is approximately ± 2 % from manufacturer data [40] . The estimated expanded uncertainty was ± 15 %, including the emissivity uncertainty which was the result of assuming the facepiece lens had a blackbody emissivity of 1.0. . The manufacturer reports a ± 3 % calibration expanded uncertainty for these devices [37] . Results from an international study on total heat flux gauge calibration and response demonstrated that the expanded uncertainty of a Schmidt-Boelter gauge is typically ± 8 % [38] . The location of the heat flux transducer in the headform is shown in Figure 4 . Breathing was simulated in the facepiece using an ASL 5000 breathing machine manufactured by IngMar Medical. Previous SCBA thermal exposures had shown that a constant airflow in the facepiece had a cooling effect on the temperatures around the facepiece [33] . In the radiant panel experiments the breathing machine was programmed to reproduce both inhalation and exhalation of the 40 L/min volume work rate breathing waveform specified by NIOSH and NFPA 1981 [16] at 24 breaths/min. The breathing machine generates the flow with the displacement of a piston, having an uncertainty of less than ± 1 %. The breathing machine is connected to the headform through a tube in the neck. Air was supplied to the facepiece from an air cylinder through the facepiece-mounted regulator in normal SCBA configuration. The SCBA regulator is designed to maintain a positive pressure in the facepiece during all phases of the breathing waveform. A pressure tap was located on the headform near the eye, with flexible tubing connecting the tap to a differential capacitance manometer for measurement of facepiece pressure during some of the experiments. The pressure transducer had an absolute range of 0 kPa (0 torr) to 1.33 kPa (10 torr). The manufacturer reports an expanded uncertainty of ± 0.15 % with a coverage factor of three. Pressure, temperature, and heat flux data were sampled at a rate of 1 Hz.
The performance of the facepiece lenses during the experiments was recorded on video in order to determine the times for cracks, bubbles and holes to form in the lens. The times of these events were obtained from the video footage with estimated expanded uncertainties of less than ± 3 s. The time uncertainty resulted primarily from difficulties in determining the point at which lens degradation events occurred from examination of video images. Pressure measurements were also used to determine the time of hole formation with an estimated expanded uncertainty of ±2 s. The time uncertainty resulted primarily from the sampling rate (1 Hz) of the time varying pressure data.
RESULTS AND DISCUSSION
Temperatures of the six thermocouples on and around the facepiece are plotted as a function of time in Figure 5 for an exposure of 15 kW/m 2 incident on facepiece model D. The lines represent data every 1 s, but the symbols are shown every 25 s for clarity. The lens exterior temperature was the hottest surface temperature, followed by the lens interior temperature. At approximately 60 s into the test, the lens softened and began moving in and out with the inhalation and exhalation of the breathing cycle. Approximately 120 s into the test, the lens interior thermocouple temperature began to decrease, likely due to separation from the surface of the outwardly deforming lens. Shortly thereafter, at approximately 148 s, a hole formed in the lens, and the exterior lens surface thermocouple temperature decreased. When the hole formed, air was forced out of the hole due to the positive pressure within the SCBA facepiece. The lens temperatures decreased due to the increased airflow through the facepiece as the SCBA regulator provided more air to maintain positive pressure within the mask. Due to the leak through the hole(s) in the lens, the SCBA air cylinder began to decrease pressure at a faster rate due to the increased flow of air to the mask. Increased airflow and cooling of the lens were observed in each facepiece that formed a hole. While the lens interior surface thermocouple appeared to detach from the surface, the exterior lens thermocouple appeared to stay in contact, as can be seen from the thermal imaging camera (TIC) temperature data (assuming an emissivity of 1.0) in Figure 5 . The measured temperatures appear to plateau at approximately 125 s during the experiment, due to the TIC maximum temperature range setting of 290 °C (550 °F). Due to the connection between hole formation in the lens and increased airflow, recorded pressure data reveals the time of hole formation. The normal pressure profile without a hole can be seen in Figure 5 , with a minimum value associated with inhalation and a maximum value associated with exhalation, with a nominal frequency of 0.4 Hz (24 breaths/min). When a hole formed at approximately 148 s, there was a shift in the local minimum and maximum of the pressure wave profile. The size of the shift depended on the SCBA design and the geometry of the hole. Video observation confirmed a hole formed in the mask at this time. Identifying the time when a hole formed from the pressure data was more reliable than watching the video, because visual observation was limited by the orientation and contrast of the video recording. The pressure signal is also useful for determining when the SCBA is no longer able to provide breathing protection. Figure 6 shows the pressure inside a facepiece that has developed a hole, which is transitioning from positive pressure to negative pressure at approximately 600 s. The pressure during inhalation first becomes negative at 598 s from the start of the experiment, as the air cylinder was no longer able to supply sufficient air to maintain positive pressure within the mask, typically when the cylinder supply was exhausted. Figure 5 shows the profiles of the headform temperature, air temperature in the mouth, and air temperature inside the facepiece. Although the headform temperature exceeded 100 °C (212 °F) in the experiment, this does not translate directly into skin temperature as the headform surface and skin do not have the same thermal properties. The skin temperature of a wearer is expected to be lower due to the ability of the human body to dissipate heat through perspiration and circulation, a characteristic the headform does not possess. The mouth air temperature, which also follows the nominal breathing frequency of 0.4 Hz (24 breaths/min), remained cooler than the inside air temperature due to the flow of relatively cool breathing air supplied from the cylinder, which was largely isolated from the facepiece inside air by the nose cup. These trends are typical of the experiments in this study. The changes in the thermal conditions at the headform are also evident in Figure 5 . At the time of hole formation, there is an increase in the heat flux measured at the headform inside the facepiece. In addition, the temperature of the headform surface thermocouple continued to increase after hole formation, although at a lesser rate. Analysis of the data did not uncover a trend in the behavior of headform heat flux or temperature after hole formation. This may be due to the variability in the location and characteristics of the holes and their spatial relationship to the single heat flux transducer and thermocouple installed on the headform. After a hole forms, the headform temperature and heat flux may increase, as shown in Figure 5 and Figure 8 , or may decrease, as shown in Figure 7 . Note that there is also periodicity in the heat flux data, due to the breathing air, with a nominal frequency of 0.4 Hz (24 breaths/min). The perodicity was due to the use of a total heat flux transducer, which was affected by convection from the movement of air within the facepiece.
In Table 2 , the peak temperatures for each thermocouple around the facepiece at different levels of heat flux are averaged for the headform models tested. The mean, x , standard deviation, σ, and number of experiments that are included, n, are reported. In some cases, the lens exterior or interior temperature peak was not included in the mean because an accurate temperature reading was not available. This was the case when the thermocouple came off the surface at the beginning of the experiment and remained off the surface until the end. A thermal imaging camera (TIC) was used in some experiments to provide the lens exterior temperature data when the thermocouple came off the surface. The emissivity setting for the TIC was set to 1.0, and the range for the infrared (IR) detector was 100 °C (212 °F) to 290 °C (550 °F). The temperature was measured as close as possible to the location of the thermocouple. Note that the sample standard deviation of the lens exterior temperature for the 15 kW/m 2 experiments, as derived from statistical analysis of the data, was 8 times less for the TIC measurements as opposed to the thermocouple measurements. The results suggest that given the difficulty of performing thermocouple measurements on the deforming lens surface, infrared thermography (TIC) is a more effective method for temperature determination during these experiments. While there was good agreement between the thermocouple data and TIC data ( Figure 5 ), more work is needed to better understand the use of infrared thermography in this application. Potential issues include, but are not limited to, lens emissivity values, directional effects, and wavelength dependence effects. The duration of the experiments varied depending on the time for the temperatures to reach a steady state or a hole to form, with a minimum duration of 5 min and a maximum duration of 20 min. As shown in Table 2 , the outside air thermocouple temperature increased with heat flux. This was likely a result of increased radiative heat transfer from the radiant panel to the thermocouple as the heat flux increased. In all experiments, the lens exterior temperature was an order of magnitude or more lower than the radiant panel, and the lens was located outside the convective flow of the radiant panel, so radiative heating was the dominant mode of heat transfer to the lens. Radiation view factor effects are based on the spatial relationships between the facepiece, panel, and surroundings, and therefore the distance between the radiant panel and the facepiece must be consistent between experiments to provide repeatable results. The convective cooling component of heat transfer on the lens surface from air flow within the room and through the exhaust hood are functions of the test setup, and should also be controlled.
The lens exterior and interior temperatures increased for the most part with heat flux, except for the lens interior temperature at the 15 kW/m 2 exposure. This is likely due to the fact that most of these experiments formed holes in 2 min to 3 min, which may have been before the interior temperature had an opportunity to reach steady state. There was also little difference between the peak inside air, headform, and mouth air temperatures at different heat fluxes. This is likely due to hole formation at higher heat fluxes, which provided a cooling effect and shortened the exposure. For all levels of heat flux, the lens exterior thermocouple experienced the highest temperature, which increased for increasing levels of flux. In Figure 9 , the lens exterior temperature rise of facepiece model A is shown for different levels of heat flux. As expected, the exterior facepiece lens temperatures increase more rapidly at higher imposed heat flux exposures. In addition, holes form more rapidly at higher heat fluxes. To characterize facepiece lens performance, data were collected to measure the length of time until lens degradation appeared as a function of heat flux. Three main types of degradation were observed, cracks/crazing, bubbling, and hole forming, as pictured in Figure 1 . Cracking and crazing appeared to be degradation on the surface, most likely caused by a difference in thermal expansion of the base material, polycarbonate, and the abrasion resistant coating. The cause of the bubbling is unknown, and could be desorption of water or products of pyrolysis. The times were determined from video and from the pressure data, in the case of hole formation. In Figure  10 the time for degradation is plotted as a function of the heat flux of the exposure. Different facepiece models are represented by differently shaped symbols. The figure shows the similarity of results for all facepieces tested, regardless of design or manufacturer. Due to the similarity in the material and construction of the facepiece lenses, the time to hole formation was analyzed across all facepieces and plotted in Figure 11 parts ( The lens exterior temperature when cracks, bubbles, and holes appeared was found to be consistent regardless of exposure heat flux and facepiece model. The average temperature when cracks appeared for 25 experiments was 180 °C (356 °F), with a sample standard deviation of 15 °C (27 °F). This temperature is close to the glass transition temperature of polycarbonate, approximately 150 °C (302 °F). The average temperature when bubbles appeared for 42 experiments was 200 °C (392 °F), with a sample standard deviation of 25 °C (45 °F). The average temperature when holes appeared for 49 experiments was 270 °C (518 °F), with a sample standard deviation of 25 °C (45 °F). This is close to the melting temperature of polycarbonate, approximately 300 °C (572 °F). The times for the exteriors of the facepieces lenses to reach 140 °C (284 °F), which approaches the glass transition temperature of polycarbonate, are shown in Figure 12 and Figure 13 . As the heat flux increases, the time to reach 140 °C (284 °F) decreases, with the same trend for all facepieces. The times for all facepieces across all fluxes are similar, with the mean and uncertainty quantified in Figure 13 . The results show the similarity of results for all facepieces tested, regardless of design or manufacturer.
CONCLUSIONS
The thermal performance of fire fighter SCBA facepiece lenses was studied by exposing facepieces mounted on a headform with simulated breathing air flow to constant levels of radiative heat flux from a gas-fired panel. Current fire fighter SCBA standards and certification in the United States do not require a radiant heat performance test, and therefore do not evaluate the equipment under the levels of radiative heat flux that fire fighters may encounter in fire fighting operations and training. The results from this study are limited to the performance of current SCBA lens technology to constant levels of radiant heat flux. Real exposures are typically a combination of radiant and convective heat flux, as well as exposure to environmental conditions, mechanical impacts, smoke deposition, and various other gas and water flows, which may affect lens degradation. When exposed to heat flux levels of 8 kW/m 2 and above for up to 20 min, some facepiece lenses formed holes due to the combination of heating and positive pressure inside the facepiece. Holes formed between approximately 1.5 and 3.9 min at 15 kW/m 2 . The temperature at the time when cracks, bubbles, and holes appeared on the lenses was consistent regardless of exposure heat flux and facepiece model. The average lens temperatures for cracks, bubbles and holes to form were approximately 180 °C (356 °F), 200 °C(392 °F), and 270 °C (518 °F), respectively. Radiant heat flux exposure times leading to facepiece lens degradation, hole formation, and negative pressure are metrics that provide insight to the limits of SCBA performance in the thermal environments present during fire fighter operations.
An incident radiant heat flux of 15 kW/m 2 was determined to be a useful test criterion for determining the performance of SCBA facepiece lenses. This flux is representative of the flux experienced by fire fighters approaching the onset of flashover. Measurement of internal facepiece pressure was found to be a valuable method for determining the affect of holes on firefighter air supply duration and breathing protection. All of the SCBA facepieces tested exhibited holes in the lens in less than 5 min of exposure to 15 kW/m to 15kW/m 2 for 5 min in the radiant panel apparatus, followed by a 152 mm (6 in) drop test, and extended period of "breathing". The SCBA is required to provide positive pressure in the facepiece for a total of 24 minutes. In addition, the current Heat and Flame Test has been upgraded, subjecting the entire SCBA to a Heat Resistance Test in a convective circulating oven at 260 °C (500 °F) for 5 min, followed by direct flame contact.
FUTURE WORK
A future report will communicate the results of experiments performed with existing facepieces tested at 15 kW/m 2 according to the new radiant heat exposure test detailed in NFPA 1981 Standard on Open-Circuit Self-Contained Breathing Apparatus (SCBA) for Emergency Services -2013 draft edition [41] . The performance metric for the test is the duration (time) that an SCBA is capable of providing positive pressure to the facepiece during and after a 5 min exposure to 15 kW/m 2 and a 152 mm (6 in) drop test. The pass / fail criterion is 24 min.
Although much was learned about conditions associated with thermal degradation of SCBA facepiece lenses, more research and development are needed to understand the thermal degradation of facepiece lenses and to develop equipment that better resists the radiant heat fluxes encountered by the fire service during structure fires. 
